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Introduction {#sec001}
============

Cigarette smoke (CS) exposure is a global epidemic with significant health consequences. In a recent study it was estimated that more than one third of the world's population is regularly exposed to tobacco smoke \[[@pgen.1008756.ref001]\]. The health consequences of smoke exposure are significant and include numerous diseases and dysfunctions of the respiratory tract, increased risk of multiple types of cancer and cardiovascular disease \[[@pgen.1008756.ref002], [@pgen.1008756.ref003]\]. Tobacco smoke exposure is a global problem, the implications of which are becoming increasingly apparent. However, little is known about the impact of paternal exposure to CS on sperm and implications of preconception paternal CS on offspring health \[[@pgen.1008756.ref004]\].

Male fertility rates have steadily declined in developed countries over the past half-century \[[@pgen.1008756.ref005]--[@pgen.1008756.ref007]\]. These trends are due to a variety of factors, but increased exposures to environmental toxins and negative lifestyle factors likely contribute \[[@pgen.1008756.ref008], [@pgen.1008756.ref009]\]. Cigarette smoking is associated with an accumulation of cadmium and lead in seminal plasma, reduced sperm count and motility, and increased morphological abnormalities in sperm \[[@pgen.1008756.ref008], [@pgen.1008756.ref009]\]. In addition, reduced reproductive potential has been reported in tobacco smoke-exposed mice \[[@pgen.1008756.ref010]\] and humans \[[@pgen.1008756.ref011]\]. Adult male mice exposed to sidestream tobacco smoke display significant increases in sperm DNA mutations at expanded simple tandem repeats (ESTRs) \[[@pgen.1008756.ref012]\], as well as more frequent aberrations in sperm chromatin structure and elevated sperm DNA damage \[[@pgen.1008756.ref010]\]. In contrast, CS-exposed male mice exhibit no measurable increase in somatic cell chromosome damage, indicating that germ cells may be more prone to environmentally-induced genetic and/or epigenetic insults compared with somatic cells.

The International Association for Research on Cancer has declared that *paternal* smoking *prior* to pregnancy is associated with a significantly elevated risk of leukemia in the offspring \[[@pgen.1008756.ref013]\], suggesting CS-induced changes occur in sperm that influence offspring phenotype. Smoking has been clearly shown to modify DNAme patterns and gene expression in somatic tissues in individuals exposed to first- or second-hand tobacco smoke \[[@pgen.1008756.ref014]--[@pgen.1008756.ref016]\] as well as in newborns of smoking mothers \[[@pgen.1008756.ref017]--[@pgen.1008756.ref019]\]. We recently reported altered sperm DNA methylation (DNAme) patterns in men who smoke \[[@pgen.1008756.ref020]\].

Mounting evidence supports sperm epigenetic changes as a mechanism for increased health risks in offspring of smoking fathers. We therefore aimed to explore the dynamics of sperm epigenetic changes after withdrawal from smoke, and to explore the mechanism underlying CS-induced alterations in offspring.

Results {#sec002}
=======

Experimental design and phenotypic effects {#sec003}
------------------------------------------

Male mice were assigned to CS- exposed or non-exposed groups (n = 10--12 per group). The CS animals were exposed to the body mass-adjusted equivalent of 10--20 cigarettes per day, 5 days per week over a period of 60 days- corresponding to two complete cycles of spermatogenesis ([Fig 1A](#pgen.1008756.g001){ref-type="fig"}). CS- exposed and control mice were bred to unexposed females, and offspring were analyzed for phenotypic and molecular measures. The nuclear factor (erythroid-derived 2)-like 2 (NRF2) pathway is the primary cellular defense against the cytotoxic effects of oxidative stress. Thus, to investigate the mode by which CS-induced epigenetic changes occur, we utilized the *Nrf2*^*-/-*^ mouse model, which has compromised antioxidant capacity. In agreement with the literature, both wild type (WT) and *Nrf2*^*-/-*^ mice that were exposed to CS weighed significantly less than non-exposed control animals ([S1A Fig](#pgen.1008756.s001){ref-type="supplementary-material"}). Sperm concentration and motility were not significantly impacted by CS exposure, but sperm concentration was lower in *Nrf2*^*-/-*^ than WT males, and conception was significantly delayed in CS-exposed *Nrf2*^*-/-*^mice compared with unexposed *Nrf2*^*-/-*^mice ([S1A Fig](#pgen.1008756.s001){ref-type="supplementary-material"}). Growth trajectories, sperm parameters, litter size and sex ratios in offspring were not different in F1 animals based on paternal CS exposure or paternal genotype ([S1B Fig](#pgen.1008756.s001){ref-type="supplementary-material"}).

![Schematic of study design and regional DNA methylation changes and recovery.\
**A)** Male mice were assigned to CS- exposed or non-exposed groups (n = 10--12 per group). The CS animals were exposed to the body mass-adjusted equivalent of 10--20 cigarettes per day, 5 days per week over a period of 60 days- corresponding to two complete cycles of spermatogenesis. CS- exposed and control mice were bred to unexposed females, and offspring were analyzed for phenotypic and molecular measures (see [method](#sec010){ref-type="sec"} for more details). **B)** Histograms describing the changes of DNAme in sperm after CS-exposure and recovery. **C)** The majority of DMRs observed prior to recovery were either maintained across the recovery period or returned to baseline levels, with only a small fraction of new DMRs emerging during the recovery period. Comparison is based on the 3 days post-CS group. **D)** Impact of the initial methylation status and direction of change on methylation recovery in the group analyzed 28 days after removal of CS. The hypomethylated DMRs (\<25% DNAme) in which methylation increased and the hypermethylated DMRs (\> 75% DNAme) in which methylation decreased with smoke exposure were more likely to recover. Regions of intermediate DNAme were less likely to recover. **E)** DMR recovery as a function of CpG density in the 28 days post-CS group. In every category of DMR (shared, recovery or new) variation diminished as CpG density of a region increased. The impact of CpG density on variation was particularly apparent for regions in which DNAme decreased as a result of CS exposure and later recovered to baseline. **F)** DMRs that displayed increased DNAme in CS-exposed animals and recovered within 28 days post-CS were generally regions of lower CpG density, while DMRs that lost methylation and subsequently recovered were generally at regions of higher CpG density.](pgen.1008756.g001){#pgen.1008756.g001}

Smoking-induced DNAme changes in F0 sperm recovered in accordance with CG density {#sec004}
---------------------------------------------------------------------------------

We performed reduced representation bisulfite sequencing (RRBS) to explore the effects of smoking on F0 sperm DNAme (sperm collected within 3 days of completing a 60-day smoking treatment), and we examined whether CS-induced DNAme changes recover to baseline, unexposed levels following removal of CS exposure (28, 103 and 171 days after smoking treatment; n = 10 per group). Due to the epigenetic reprogramming that occurs in early embryos, it is unlikely that CS-induced changes in paternal sperm DNAme directly influences offspring phenotype. However, because DNAme is a sensitive marker and can be reliably assessed on a genome-wide scale, we view it as an important signature of epigenetic change. Recent studies have found that increased variation in DNAme can be a consequence of particular environmental insults, including cigarette smoke exposure \[[@pgen.1008756.ref021]--[@pgen.1008756.ref024]\]. We therefore analyzed our data in a manner that would allow us to assess both average DNAme changes and variation in DNAme levels. Here, we first assessed DNAme at individual CpGs, and then investigated regional DNAme. We found CS-associated changes in DNAme at a large number of individual CpGs ([S1E Fig](#pgen.1008756.s001){ref-type="supplementary-material"}) with essentially equal representation of sites that lost DNAme and gained DNAme. In addition, we found that the number of differentially methylated CpGs declined only slightly after removal of CS exposure for 28--171 days ([S1C Fig](#pgen.1008756.s001){ref-type="supplementary-material"}). We partitioned differentially methylated CpGs into three groups: 1) shared, meaning differentially methylated CpGs that were maintained between the treatment group and the respective recovery group, 2) recovered, meaning CpGs that were differentially methylated after initial exposure but were no longer differentially methylated in the recovery group, and 3) new, meaning CpGs that were not differentially methylated after initial exposure but emerged as newly differentially methylated in the recovery groups. These classes were assessed separately for CpGs that initially lost DNAme verses those that initially gained DNAme relative to the control. For CpGs that lost DNAme, the three groups were relatively evenly represented across recovery times, with only a slight over-representation of shared CpGs. For CpGs that gained DNAme, there was a slight bias toward the emergence of new differentially methylated CpGs across recovery groups ([S2D Fig](#pgen.1008756.s002){ref-type="supplementary-material"}).

Given that DNAme status of CpG regions likely has a greater capacity to confer functional effects compared with individual sites, we subsequently binned individual CpGs into regions based on their proximity (see [methods](#sec010){ref-type="sec"}). We then performed analyses similar to those performed for individual CpGs. Only regions with more than 3 CpGs were included, and all CpGs per regions were required to have a minimum of 8 reads in at least 4 biological replicates. As expected, changes in DNAme occurred at far fewer regions compared with individual CpGs ([S1E Fig](#pgen.1008756.s001){ref-type="supplementary-material"}), and importantly, we found strong evidence for recovery of smoke-induced sperm DNAme changes following removal of the exposure. Indeed, the majority of DNAme regions that recovered returned to control levels within 28 days of removal of smoke exposure, and additional recovery was not observed following longer recovery periods ([Fig 1B](#pgen.1008756.g001){ref-type="fig"}). In contrast with the individual CpG data, we found that far fewer new differentially methylated regions (DMRs) emerged during the recovery period ([Fig 1C](#pgen.1008756.g001){ref-type="fig"}).

We then sought to understand epigenetic properties that might impact the ability of specific regions to recover following removal of the CS. For this analysis, we classified all DMRs into six classes, based on their dynamics during recovery (shared, recovered or new) and their direction of change (increase or decrease). We discovered that upon smoke exposure the hypomethylated regions where DNAme increased, and hypermethylated regions where DNAme decreased, were more likely to recover ([Fig 1D](#pgen.1008756.g001){ref-type="fig"} and [S2A Fig](#pgen.1008756.s002){ref-type="supplementary-material"}). Intermediate DNAme were less likely to recover across all groups, thus suggesting that regions of extreme hyper- and hypo-DNAme were less likely to change after CS exposure, and when changes did occur, these regions were more likely to recover. We then investigated whether normal variation in DNAme might contribute to the CS mediated DNAme changes. Indeed, DMRs where methylation changes were maintained tended to have higher overall variation and a higher degree of statistical significance ([S2B Fig](#pgen.1008756.s002){ref-type="supplementary-material"}). We observed that recovered DMRs which initially decreased in DNAme level had lower variation compared with all other groups (Figs [1E](#pgen.1008756.g001){ref-type="fig"} and [S2C](#pgen.1008756.s002){ref-type="supplementary-material"}). Moreover, DMRs that displayed increased DNAme in CS-exposed animals and subsequently recovered were generally regions of lower CpG density, while DMRs that lost DNAme and subsequently recovered were generally at regions of higher CpG density ([Fig 1F](#pgen.1008756.g001){ref-type="fig"} and [S2D Fig](#pgen.1008756.s002){ref-type="supplementary-material"}).

Paternal CS exposure impacted DNAme and gene expression changes in F1 brains {#sec005}
----------------------------------------------------------------------------

We next sought to determine whether paternal CS exposure had any effect on offspring phenotype. Given that brain and nervous systems were previously reported to be sensitive to preconception paternal exposures \[[@pgen.1008756.ref025]--[@pgen.1008756.ref028]\], we investigated DNAme by RRBS in the prefrontal cortex of F1 mice derived from CS-exposed sires compared to the offspring of unexposed males (n = 8 per group). These experiments were performed exclusively on male mice in order to avoid confounding due to sex-related differences in DNA methylation and RNA expression. We found that paternal smoking altered DNAme patterns in over 28,000 regions in the prefrontal cortex of offspring ([Fig 2A](#pgen.1008756.g002){ref-type="fig"}).

![Cigarette smoking leads to changes in gene expression in offspring brain, but these changes do not suggest a direct DNAme inheritance model.\
**A)** Variation in F1 prefrontal cortex gene expression was significantly higher in CS-exposed animals compared with controls suggesting stochastic dysregulation of gene expression in paternal CS-exposed offspring and offspring of mice with reduced antioxidant capacity. **B)** GSEA analysis revealed that oxidative phosphorylation pathway genes (top) and reactive oxygen species genes (bottom) are significantly upregulated in the brains of the F1 offspring of smoked mice. **C)** Gene ontology analysis of significantly upregulated and downregulated genes associated with paternal CS exposure indicated significant overrepresentation of several gene families. **D)** The DNAme changes observed in F0 sperm were not observed in the sperm of F1 offspring, suggesting the CS-associated effects likely do not confer risk beyond the first generation. **E)** Likewise, no significant overlap was observed in DMRs in F0 sperm compared with DMRs in F1 prefrontal cortex.](pgen.1008756.g002){#pgen.1008756.g002}

To further investigate the potential for phenotypic effects in offspring associated with paternal CS exposure, we performed RNA-seq of the F1 prefrontal cortex in the same animals as those assessed for DNAme. We identified 134 genes that were significantly differentially expressed (\|log2(fold change)\|\>1 and p-value \< 0.05) in F1 offspring sired by CS exposed males compared with unexposed males. To determine whether the observed gene expression changes were related to differential methylation change, we attempted to score gene expression changes at DMRs located within 1kb of transcription start sites (TSS). Unfortunately, this resulted in only 7 DMRs occurring within 1kb of any differentially expressed genes (p-value = 0.1, see [methods](#sec010){ref-type="sec"}). Thus, we were unable to conclude that DNAme changes were associated with gene expression changes, likely due to a lack of RRBS coverage at promoter regions.

Interestingly, paternal CS exposure caused a globally elevated variation in gene expression in the F1 brains ([S2E Fig](#pgen.1008756.s002){ref-type="supplementary-material"}). This increased variation somewhat limited our ability to reliably identify differentially expressed genes. To explore potential functional consequences of altered gene expression, we ranked genes by change in gene expression and performed gene set enrichment analysis (GSEA) and gene ontology (GO) analysis. Using GSEA, we found that gene expression increased for genes associated with oxidative stress ([Fig 2B](#pgen.1008756.g002){ref-type="fig"} and [S1 Table](#pgen.1008756.s005){ref-type="supplementary-material"}). Using GO analysis, gene transcripts associated with gene classes including immune response and metabolism were over-represented, and transcripts associated with neuropeptide receptors and hormone activity were significantly under-represented in the offspring of CS-exposed males ([Fig 2C](#pgen.1008756.g002){ref-type="fig"}).

Paternal CS-induced effects are likely not transmitted beyond the first generation {#sec006}
----------------------------------------------------------------------------------

To investigate whether the impact of CS exposure could be passed to subsequent generations, we compared the smoke-associated DNAme changes in F0 sperm with those of F1 sperm and found no correlation (r = -0.001; [Fig 2D](#pgen.1008756.g002){ref-type="fig"}). As expected, we also found that paternal CS-associated DMRs in F1 brains and those in smoke-exposed F0 sperm had minimal overlap (hypergeometric p-value = 1; [Fig 2E](#pgen.1008756.g002){ref-type="fig"}), indicating that F0 sperm DNAme changes do not directly impact DNAme levels in the F1 prefrontal cortex, consistent with the DNAme erasure that occurs during early mouse development. Accordingly, regions where DNAme changes occurred are not marked by chromatin features that are known to be maintained in mature sperm \[[@pgen.1008756.ref029]\] ([S3 Fig](#pgen.1008756.s003){ref-type="supplementary-material"}). While the DNAme effects described here can certainly be considered a marker of epigenetic impacts of CS, these results suggest that the effects of CS exposure likely do not persist beyond the first generation.

CS-induced epigenetic changes were similar to those observed in Nrf2^-/-^ mice {#sec007}
------------------------------------------------------------------------------

Based on our GSEA studies ([Fig 2B](#pgen.1008756.g002){ref-type="fig"}), we hypothesized that impacts of CS exposure might be due in part to oxidative stress. This led us to examine F0 sperm DNAme changes in *Nrf2*^*-/-*^ mice (compared to WT mice), as well as CS-exposed mice compared with unexposed *Nrf2*^*-/-*^ mice. If oxidative stress played a role in the sperm DNAme changes, the changes observed in *Nrf2*^*-/-*^ mice would mirror changes in CS-exposed WT mice, and impact on CS-exposed *Nrf2*^*-/-*^ mice might be more pronounced. In agreement with our hypothesis, we found that CS-induced DNAme changes in WT sperm displayed significant similarity to those in *Nrf2*^*-/-*^ sperm independent of CS exposure ([Fig 3A, 3B](#pgen.1008756.g003){ref-type="fig"} and [S4A Fig](#pgen.1008756.s004){ref-type="supplementary-material"}). Furthermore, CS exposure had no additional impact on *Nrf2*^*-/-*^ sperm DNAme levels ([Fig 3C](#pgen.1008756.g003){ref-type="fig"}), and association with CS exposure was maintained independent of the increased variation we observed in WT exposed mice ([S4B Fig](#pgen.1008756.s004){ref-type="supplementary-material"}). Notably, these correlations were not detected when comparing our data to similar datasets evaluating the effect of other environmental factors (vinclozolin exposure and protein restricted diet) on sperm DNAme, suggesting independent mechanisms function during CS-exposure \[[@pgen.1008756.ref030], [@pgen.1008756.ref031]\] ([S4C Fig](#pgen.1008756.s004){ref-type="supplementary-material"}).

![Differential methylation in F0 sperm and F1 prefrontal cortex.\
**A)** CS-induced DNAme changes in WT sperm displayed significant similarity to those in unexposed Nrf2^-/-^ sperm. **B**) Similarly, sperm from CS-exposed *Nrf2*^-/-^ mice displayed DNAme patterns similar to those of CS-exposed WT mice. **C**) However, the sperm DNAme changes in *Nrf2*^-/-^ mice that were attributable to CS-exposure were not associated to the CS-associated changes in WT sperm, suggesting that genotype in *Nrf2*^-/-^ mice is the primary driver of DNAme change in regions impacted by CS in WT mice. **D)** A highly significant correlation was observed in F1 brain DNAme changes induced by CS exposure in WT sires (x-axis) compared with DNAme changes associated with paternal *Nrf2* status, even in the absence of CS-exposure. **E)** A similar correlation in DNAme change was observed in the offspring of CS-exposed *Nrf2*^+/-^ mice. **F)** The correlation disappeared when evaluating differential methylation in *Nrf2*^+/-^ offspring based on CS exposure status compared with CS-associated DNAme changes in offspring sired by WT mice.](pgen.1008756.g003){#pgen.1008756.g003}

The effects observed in CS-exposed offspring are similar to those in *Nrf2*^*-/-*^ offspring {#sec008}
--------------------------------------------------------------------------------------------

Based on our prior results that CS-exposure impacts DNAme and gene expression patterns of offspring, we wondered whether these CS-induced F1 effects might be similar to impacts observed in offspring of *Nrf2*^*-/-*^ males. Indeed, the DNAme changes we observed in *Nrf2*^*-/-*^ F1 prefrontal cortex were highly similar to changes observed in the offspring of CS-exposed WT mice ([Fig 3D and 3E](#pgen.1008756.g003){ref-type="fig"}, r = 0.609 and r = 0.477 respectively; and [S2 Fig](#pgen.1008756.s002){ref-type="supplementary-material"}). In agreement with F0 sperm DNAme data, exposure to CS appeared to have no additional impact on brain DNAme beyond the *Nrf2*^*-/-*^ effect ([Fig 3F](#pgen.1008756.g003){ref-type="fig"}). These observations strongly suggest that CS-induced DNAme changes that occur in F1 brains are largely mediated by paternal oxidative stress \[[@pgen.1008756.ref032], [@pgen.1008756.ref033]\].

We next sought to determine whether the CS-induced impact on gene expression patterns in F1 brain could also be associated with oxidative stress, as in F0 animals. Similar to our observations in the offspring of CS-exposed WT males, we found globally elevated variation in prefrontal cortex gene expression in the *Nrf2*^*+/-*^ offspring ([S4D Fig](#pgen.1008756.s004){ref-type="supplementary-material"}). In addition, we observed a significant correlation in gene expression between offspring of CS-exposed WT mice and control *Nrf2*^*-/-*^ mice ([Fig 4A](#pgen.1008756.g004){ref-type="fig"}) as well as between CS-exposed WT and *Nrf2*^*+/-*^ offspring ([Fig 4B](#pgen.1008756.g004){ref-type="fig"}). Similar to our DNAme measurements, the effects were not further elevated in the offspring of smoke-exposed Nrf2^-/-^ mice ([Fig 4C](#pgen.1008756.g004){ref-type="fig"}). Although the magnitude of gene expression change was modest, the offspring of *Nrf2*^*-/-*^ mice showed significant similarities with gene expression changes observed in the offspring of CS-exposed WT mice based on GO analysis ([Fig 4D](#pgen.1008756.g004){ref-type="fig"}) and highly significant overlap in differentially expressed genes ([Fig 4E](#pgen.1008756.g004){ref-type="fig"}). Additionally, GSEA analysis indicated gene sets commonly activated in response to inflammation and associated with cancer were elevated in both sets of F1 offspring ([Fig 4F](#pgen.1008756.g004){ref-type="fig"} and [S1 Table](#pgen.1008756.s005){ref-type="supplementary-material"}).

![Prefrontal cortex gene expression variation and correlation closely reflect the themes observed in F0 sperm.\
**A)** A significant correlation in gene expression was observed between offspring of CS-exposed WT mice and control *Nrf2*^-/-^ mice. **B)** Likewise, the correlation was observed between CS-exposed WT and *Nrf2*^-/-^ offspring. **C)** However, there was no correlation in gene expression changes when comparing offspring of CS-exposed and unexposed *Nrf2*^-/-^ mice. **D)** GO-terms for genes whose expression change was associated with *Nrf2*^-/-^ genotype were similar to those associated with paternal smoking status in WT offspring. **E)** We found a highly significant overlap in differentially expressed genes associated with paternal smoking status in WT animals compared with offspring of unexposed *Nrf2*^-/-^ mice. **F)** Pathways that are up- or down-regulated in the offspring brain of smoked WT mice (top) or *Nrf2*^-/-^ mice (bottom), based on GSEA analysis.](pgen.1008756.g004){#pgen.1008756.g004}

Discussion {#sec009}
==========

In this work, we studied the effect of CS exposure on sperm DNAme. We found many of the DNAme effects that recovered occurred at CpG-dense regions, which are enriched for genomic regulatory regions (such as promoters and enhancers). Thus, DNAme changes at these regions, which might otherwise impact gene regulation, appear to be relatively short-lived. Our observation that individual CpGs, and low CpG density regions did not recover to nearly the same degree as CpG dense regions may offer insight into the role of increased CpG density at promoters in maintaining fidelity of gene expression. It is possible that increased control and recovery of DNAme that we observed at CpG rich regions is the result of CpG-density acting to "buffer" against environmental insults. These data agree with previous reports that CS exposure significantly impacts DNAme patterns in whole blood, and CS-associated DNAme changes are largely corrected following smoking cessation in a time-dependent manner \[[@pgen.1008756.ref034], [@pgen.1008756.ref035]\]. We observed recovery after just twenty-eight days, which corresponds to just less than the period of a full spermatogenic cycle in mice of 30 days. In humans, a spermatogenic cycle is 67 days, and additional research is required to characterize the similarities and differences in the dynamics of sperm DNAme alterations between mice and men. Additionally, it is not yet known whether the corrections observed following removal of CS exposure ameliorate the affects observed in offspring, or whether those effects are driven by the regions that persist following CS removal, prompting further investigation.

We further investigated the impact of CS exposure in the oxidative stress-compromised *Nrf2*^-/-^ mice and found the CS-effects observed in WT animals were similar to those in *Nrf2*^-/-^ mice independent of CS exposure, suggesting elevated oxidative stress as a likely mechanism for CS-mediated sperm epigenetic changes. These findings were consistent with the observations of offspring prefrontal cortex DNAme and gene expression changes. The increased variation in prefrontal cortex gene expression, both in offspring of CS-exposed WT mice as well as unexposed *Nrf2*^-/-^ mice, is noteworthy. This may be related to the increased variation in sperm DNA methylation in the sires, suggestive of somewhat stochastic impacts on sperm epigenetics. Interestingly, recent studies of two epigenetic modifiers, *Dnmt3a* and *Trim28*, have shown that differential expression of these factors can result in increased variability of gene expression patterns \[[@pgen.1008756.ref036], [@pgen.1008756.ref037]\]. Notably, *Trim28* and *Dnmt3a* expression were not markedly different between groups in the current study. The exploration of the role of these and related factors in the context of oxidative stress warrants further investigation. While CS-exposure may represent an extreme example of an environmental insult that induces oxidative stress, the list of environmentally relevant exposures that increase oxidative stress is extensive. The results presented here indicate that all such exposures could potentially impact the epigenetic status of the paternal germline and thus offspring phenotype. In addition, our work provides strong evidence that *Nrf2*^*-/-*^ mice can serve as an important animal model to study CS-exposure induced effects. Further studies may focus on investigating the molecular pathways underlying NRF-mediated DNAme alterations.

By comparing the DNAme and gene expression patterns in the prefrontal cortex between offspring of male mice exposed to CS with those not exposed, we found strong evidence for an impact of paternal smoking on offspring phenotype. We suggest that paternal exposure to inducers of oxidative stress might contribute to behavioral or developmental impacts in offspring. This is supported by GSEA results that showed significant up-regulation of a number of cancer- and early development-associated pathways (e.g. INFα, TNFα, Jak-STAT and Wnt/beta catenin; [Fig 4F](#pgen.1008756.g004){ref-type="fig"}). Notably however, our data showed little overlap of DNAme changes in the F1 prefrontal cortex with DNAme changes in the F0 sperm. While this was somewhat expected, as DNAme state undergoes dramatic reprogramming during early development and neuronal differentiation, it is important to highlight---direct mitotic inheritance of DNAme state is unlikely to mechanistically contribute to the effects we observed in F1 mice. This finding is consistent with previous studies investigating the transmission of sperm DNA methylation changes \[[@pgen.1008756.ref038], [@pgen.1008756.ref039]\]. We propose that DNAme may be more accurately described as a marker of epigenetic inheritance and not a mechanistic driver in transmitting environmental impacts to subsequent generations. Additional studies are necessary to confirm this and to distinguish other epigenetic features as markers or drivers, including chromatin status and small RNAs, which could play a significant role in inheritance. In particular, a growing body of evidence suggests that transfer RNA-derived small RNAs (tsRNAs) are an important paternal epigenetic factor that may underlie sperm-mediated epigenetic inheritance and represent an important area of investigation in the context of the data presented here \[[@pgen.1008756.ref040]--[@pgen.1008756.ref043]\]. Interestingly tRNA cleavage is induced by oxidative stress \[[@pgen.1008756.ref044]\], and recent studies have demonstrated that dietary changes can have acute impacts on human sperm tsRNAs \[[@pgen.1008756.ref045], [@pgen.1008756.ref046]\]. One interesting possibility is that these dietary impacts occur through an oxidative stress mediated mechanism. It is important to emphasize however that we did not identify CS-associated DNAme changes in the sperm of the F1 generation, providing reassuring evidence that the changes observed in F1 animals likely would not persist in the F2 generation. However, direct studies to evaluate the potential for transgenerational impacts of CS exposure, and possible impacts in humans, are warranted.

We have presented evidence for the impact of preconception paternal CS exposure on sperm epigenetic profiles and offspring phenotype and highlight compelling similarities in offspring of *Nrf2*-null animals independent of CS exposure. We propose that these similar effects are related to the underlying mechanism by which CS mediates its effects on male gametes--through elevated oxidative stress or compromised capacity to maintain redox balance. Future studies should evaluate oxidative stress and redox capacity directly to better characterize the role of these factors in driving the observed effects and to more specifically define the mechanism(s) by which these types of changes are induced. In addition, since males were directly mated with females (rather than through IVF), it is formally possible that some of the changes observed in offspring were due to factors related to maternal investment based on olfactory or other cues indicating a poorer quality mate \[[@pgen.1008756.ref047]\]. In this regard, further studies are necessary to validate the current findings and to more fully explore the mechanisms underlying our observations.

Importantly, the results of our study must be considered within the context of the greater scientific community, and thus, we caution against over interpretation. Studies in mouse often do not translate beyond, and therefore, further epidemiological or clinical studies are required to measure the heritable impacts of oxidative stressors in humans. Additionally, studies similar to ours, carried out by independent research groups, using similarly rigorous DNA methylation analysis methods and several biological replicates, are necessary to validate our findings in mice. These types of replication studies are particularly important in the epigenetics community, as several reports have questioned how frequently epigenetic inheritance occurs in mammals and humans \[[@pgen.1008756.ref048]--[@pgen.1008756.ref050]\]. It will also be important for future studies to determine the degree to which widespread oxidative stressors cause epigenetic impacts to individuals and on subsequent generations. If indeed our results are directly translatable to humans, then it will be critical for researchers to more fully explore the mechanisms underlying the observed epigenetic changes.

Our study has important implications in characterizing the potential mechanisms that underlie the elevated health risks observed in offspring of men who smoked prior to conception. The findings reported here may also be useful in understanding the risks of other environmental exposures that induce oxidative stress such as air pollution and some chemical exposures. Paternal preconception exposures to a variety of pharmacologic agents and pollutants, including nicotine, THC, morphine, and benzo\[a\]pyrene affect offspring phenotype, and often confer neurobehavioral consequences \[[@pgen.1008756.ref025]--[@pgen.1008756.ref028], [@pgen.1008756.ref051]--[@pgen.1008756.ref054]\]. In some cases, the impacts are transmitted across multiple generations \[[@pgen.1008756.ref052], [@pgen.1008756.ref053]\]. In this study, the absence of correlation between DMRs in F0 sperm and F1 sperm suggests that the affects we observed are likely not transmitted beyond the first generation, but we cannot rule out an alternate mechanism for transgenerational inheritance, including noncoding RNAs and chromatin features. While additional studies are necessary to fully characterize the long-term impacts of CS exposure, the current study significantly expands our understanding of paternal CS exposure impacts on offspring, and identifies a plausible mechanism underlying CS-induced epigenetic changes in sperm.

Materials and methods {#sec010}
=====================

Animals {#sec011}
-------

### Ethics statement {#sec012}

All animal experiments were performed under protocols that were approved by the University of Utah Institutional Animal Care and Use Committee (protocol \# 14--11006). All animals were obtained from Jackson Laboratories (Bar Harbor, ME)

### Experimental design {#sec013}

Six to seven-week-old mice were assigned to one of two groups: CS-exposed mice and non-exposed control mice. Following 60 days of CS exposure, mice were bred to unexposed CAST/EiJ female mice. Groups of animals were euthanized and tissues collected 3, 28, 103, and 171 days after removal from CS exposure. Sperm DNA methylation analysis was performed by RRBS on F0 exposed and control animals. Offspring derived from exposed and control males were euthanized at 14--17 weeks of age, and tissues were collected. DNA methylation analysis was performed on sperm and prefrontal cortex to investigate the impact of paternal smoking status on methylation patterns in offspring. In addition, RNAseq was performed on prefrontal cortex tissue to investigate the association between paternal smoking and gene expression.

### Smoke exposure {#sec014}

All CS-exposed and control mice were age matched and smoking was initiated between 6 and 7 weeks of age. Mice were exposed to CS using a Teague Model TE-10 (Teague Enterprises, Woodland, CA) smoking machine, which produces a combination of side-stream and mainstream CS. A pump on the machine "puffs" each 3R4F University of Kentucky research cigarette for 2 seconds for a total of 9 puffs before ejection. The 2.5-hour daily exposure occurred for 5 consecutive days per week over a period of 60 days. The smoking chamber atmosphere was periodically sampled to confirm total particulate matter concentrations of approximately 150 mg/m^3^, the human equivalent of smoking approximately 10--20 cigarettes per day \[[@pgen.1008756.ref055]\].

### Smoking and recovery experiments {#sec015}

To characterize the impact of smoke exposure on the sperm DNA methylome, and the capacity for smoke-induced sperm DNAme alterations to recover following removal of the insult, we exposed 40 C57BL/6J (Jackson Labs Stock \# 000664) to cigarette smoke for comparison against 10 age-matched, non-smoked controls. Ten CS-exposed mice and the 10 non-exposed controls were euthanized and tissues collected within three days of the CS exposure period. Subsequent "recovery" groups of 10 CS-exposed animals were euthanized 28, 103 and 171 days after the exposure period (corresponding to approximately 0.8, 3 and 5 spermatogenic cycles). In addition to experiments with WT animals, ten age-matched *Nrf2*^-/-^ mice on a C57BL/6J genetic background (Jackson Labs Stock \# 017009) were exposed to the same doses of CS for the same time period, and ten age-matched unexposed *Nrf2*^-/-^ mice were utilized as controls.

### Offspring transmission experiments {#sec016}

Founder mice for heritability experiments included WT C57BL/6J mice (Jackson Labs Stock \# 000664) that were exposed and not exposed to CS (n = 10--12 per group). Approximately one week after the exposure period, exposed and control males were introduced to 6-week old CAST/EiJ female mice (Jackson Labs Stock \# 000928), and pairs were kept together until F1 litters were born, or for 7 weeks without conceiving, whichever came first. The motivation for outcrossing males to CAST/EiJ females was to leverage polymorphic alleles to enable attributing reads to a specific parent, however due to the large average spacing of informative SNPs in the CAST strain and the short sequencing reads inherent in Illumina sequencing we were unable to classify the large majority of reads based on parent-of-origin. We therefore analyzed the data without regard to parent-of-origin. F1 litters were weaned at approximately 21 days of age, and pups were regularly weighed until they were euthanized. F1 animals were euthanized at 14--17 weeks of age, and heart, lung, liver, kidney, brain, testis and epididymal sperm were collected for molecular studies.

### Animal phenotyping {#sec017}

Following epididymal sperm extraction, sperm count and motility were assessed in CS-exposed and control F0 animals as well as F1 offspring. In addition, time to conception and litter size were compared between F0 groups. F1 offspring were evaluated for growth trajectory. For statistical analysis of growth trajectories between groups, animal weights were plotted against age for all pups within a group (C57BL/6J or *Nrf2*^-/-^). Models to fit the data were tested, and a logarithmic model generally yielded the highest r^2^. Theoretical weights were calculated for each weight event based on the model generated, and differences between theoretical and actual weight were calculated. A mean of average differences within an individual across weight events was calculated for each animal, and unpaired student's t-test was used to compare these differences between smoked and non-smoked animals within each group. Differences in animal weights and sperm parameters were evaluated using two-tailed Student's t-test, and two-tailed Fisher's Exact tests were used to evaluate weekly differences in conception between groups. P \< 0.05 was considered significant.

Molecular analyses {#sec018}
------------------

### Sperm collection and DNA extraction {#sec019}

Sperm was collected from the cauda epididymis and vas deferens immediately after euthanasia by scoring the tissue along the length of the tubules with a 28-G needle and gently pressing the tissue to expel the sperm mass. Tissues were then placed in a center-well dish in equilibrated Quinn's medium (CooperSurgical, Trumbull, CT) supplemented with FBS in a humidified CO~2~ incubator for one hour. Following the swim out period, sperm concentration and motility were assessed on a Makler chamber and sperm were snap frozen in liquid nitrogen. Samples were subsequently thawed and subjected to a stringent somatic cell lysis protocol to ensure a pure population of sperm. Briefly, samples were passed through a 40 μM filter to remove cell and tissue clumps followed by two 14 ml washes with ddH~2~O and incubation for at least 60 minutes in somatic cell lysis buffer (0.1% SDS, 0.5% Triton X in ddH~2~O) at 4º C. Following somatic cell lysis and visual confirmation of the absence of contaminating cells, sperm DNA was extracted using the Qiagen AllPrep Universal kit (Hilden, Germany). Samples in cell lysis buffer were passed through a 28-gauge syringe multiple times to disrupt sperm membranes and liberate nucleic acids prior to extraction.

### Prefrontal cortex dissection and nucleic acid extraction {#sec020}

Following euthanasia of F1 males (n = 8 per group), left brain hemispheres were dissected and placed in PreAnalytiX PaxGene (Hombrechtikon, Switzerland) tissue stabilizer and after 24 hours, fixed in PaxGene fixative and stored at -80º C. Samples were subsequently thawed and prefrontal cortex dissected under a stereo microscope according to the method described by Chiu et al. \[[@pgen.1008756.ref056]\]. Tissue was then disrupted using a microcentrifuge pestle, and RNA and DNA were extracted using the Qiagen AllPrep Universal kit according to manufacturer's protocols.

### RRBS library construction {#sec021}

Following DNA extraction, Bioo Scientific NEXTflex Bisulfite Library Prep Kit for Illumina Sequencing (PerkinElmer, Austin, TX) was used for library preparation. To maximize coverage, we employed two separate restriction digests with MspI and TaqαI. Following digestion, products were pooled, and Klenow Fragment was utilized to create 3'A overhangs. DNA was subsequently purified with Zymo DNA Clean and Concentrate Columns (Irvine, CA) followed by ligation of Methylated Illumina PE Adapters and Ampure purification with SPRI beads. Purified products were Sodium Bisulfite Converted using ZymoResearch EZ DNA Methylation Gold Kit, and libraries were amplified over 20 cycles using Platinum Taq DNA polymerase (ThermoFisher, Waltham, MA), followed by a final Ampure purification (Beckman Coulter, Indianapolis, IN) and confirmation of library size range on a 2% agarose gel. DNA was submitted to the Huntsman Cancer Institute High Throughput genomic core for sequencing on a Hi-Seq 2500 (Illumina, San Diego, CA) using 50 cycle-single read chemistry. Four to six samples were sequenced per lane for a minimum of 35-million reads per sample.

### RNAseq library construction {#sec022}

RNA extracted from F1 frontal cortices (n = 8 per group) was subjected to Illumina TruSeq Stranded RNA kit with Ribo-Zero Gold library preparation and subsequently sequenced on a Hi-Seq 2500 using 50 Cycle-Single Read Sequencing v4. Eight samples were sequenced per lane for a minimum of 25-million reads per sample.

### Bioinformatics analyses {#sec023}

For genome wide DNA methylation analysis, sequence data from RRBS libraries was aligned to the mouse mm10 genome using the Bismark pipeline with special attention to RRBS specific issues, as noted in the Bismark User Guide and the Bismark RRBS Guide. Only CpGs where read coverage was greater than 8 for at least 4 biological replicates were considered "scoreable" for downstream analysis. Only CpGs with more than 5% change in methylation relative to control samples were classified as differentially methylated. When considering DMRs, only regions greater than 50 base-pairs in length with 3 or more scorable CpGs were analyzed. Then, one third of the CpGs within each analyzed region needed to be differentially methylated in order for a given region to be under consideration as a DMR. Finally, qualifying regions were classified as bona fide DMRs if there was more than 5% change in methylation relative to control samples. For genome wide gene expression analysis, sequencing data from RNASeq libraries was aligned using Novoalign. Aligned splice junction were converted to genomic coordinates and low quality and non-unique reads were further parsed using SamTranscriptomeParser (USeq; v8.8.8) under default settings. Stranded differential expression analysis was calculated with the USeq program DefinedRegionDifferentialSeq, which utilizes DESeq2 and the reference mm10. Normalized read count tables were then analyzed in R, along with all DNA methylation data. We identified 28,707 regions that display \>5% DNAme change in the smoked F1 brain vs control and 134 genes that display differential gene expression between smoked F1 brain vs control (\|Log2FC\| \>1 and p-value \< 0.05). We performed intersection analysis by counting the number of DMRs that overlap with gene promoters (regions within 1kb of TSS). To calculate the p-value, we utilized the BedTool ShuffleBed function, and generated 134 random TSS regions, and intersected these with DMRs. This permutation was re-iterated 1000 times, allowing us to calculate the p-value for enrichment. Integration and parsing of bed files or tables was performed in R. Generation of all figures and statistical analyses was accomplished using standard methods in R, with the exception of aggregate histone modification profiles, which were generated using Deeptools. Gene ontology analysis was performed using DAVID Functional Annotation Bioinformatics Resources. GSEA was performed on normalized gene expression read count tables using software development at the Broad Institute (<http://software.broadinstitute.org/gsea/index.jsp>).

Supporting information {#sec024}
======================

###### Descriptive statistics of F0 animals and F1 animals and diminished recovery at individual CpGs.

A\) F0 animals- Both WT and *Nrf2*^*-/-*^ mice that were exposed to CS weighed significantly less than non-exposed control animals. Sperm concentration and motility were not significantly impacted by CS exposure, sperm concentration was lower in *Nrf2*^*-/-*^ than WT males, and conception was significantly delayed in CS-exposed *Nrf2*^*-/-*^mice compared with unexposed *Nrf2*^*-/-*^mice. B) F1 animals- Neither growth trajectories nor sperm parameters were different in F1 animals based on paternal CS exposure. Abbreviations: CN-control *Nrf2*^*-/-*^, SN-smoke-exposed *Nrf2*^*-/-*^, CWT-control wild type animals, SWT-smoke-exposed wild type animals. C) Quantitative data indicate that the number of differentially methylated loci in CS-exposed mice compared with age matched controls does not diminish following a recovery period of up to 171 days. D) When considering only loci that lost methylation in the CS-exposed group, about one third of differentially methylated loci persisted for the entire recovery period (white), one third returned to baseline levels (blue) and one third emerged as differentially methylated following a recovery period (pink). Contrastingly, for loci that gained methylation as a result of CS exposure, a smaller fraction of differentially methylated CpGs persisted or recovered while nearly half of differentially methylated loci emerged during the recovery period. E) As expected, the number of differentially methylated CpGs and the magnitude of change in DNAme was much higher than the changes observed regionally.

(TIF)

###### 

Click here for additional data file.

###### 

**Summary of the recovery, persistence or emergence of differentially methylated loci (A and B) and properties of recovery regions (C, D and E)** A) Impact of the initial methylation status and direction of change on methylation recovery. The hypomethylated DMRs (\<25% DNAme) in which methylation increased and the hypermethylated DMRs (\> 75% DNAme) in which methylation decreased with smoke exposure were more likely to recover. Regions displaying methylation between 25% and 75% Regions of intermediate DNAme were less likely to recover across both groups. Both comparisons were to the 3 days post-CS group. Timepoint 2 = 103-day recovery group, and timepoint 3 = 171-day recovery group. Both comparisons were to the 3-day recovery group. Dynamics were similar to those observed at 28 days post CS (see [Fig 1D and 1F](#pgen.1008756.g001){ref-type="fig"}). B) DMRs where methylation changes were maintained across the recovery period tended to display higher overall variation and a higher degree of statistical significance compared with regions that recovered. C) In every category of DMR (shared, recovery or new) variation diminished as CpG density of a region increased. The impact of CpG density on variation was particularly apparent for regions in which DNAme decreased as a result of CS exposure and later recovered to baseline. D) DMRs that displayed increased DNAme in CS-exposed animals and later recovered were generally regions of lower CpG density, while DMRs that gained methylation and subsequently recovered were generally at regions of higher CpG density. E) Variation in F1 prefrontal cortex gene expression was significantly higher in CS-exposed animals compared with controls suggesting stochastic dysregulation of gene expression in paternal CS-exposed offspring and offspring of mice with reduced antioxidant capacity.

(TIF)

###### 

Click here for additional data file.

###### Chromatin properties at F0 sperm DMRs and variation in F1 prefrontal cortex gene expression.

A\) Chromatin accessibility was not predictive of the propensity for DMRs to recover or be maintained after removal of CS exposure. B-C) Localization of B) H3K4me3 and C) H3K27me3 was likewise not associated with DMR recovery or maintenance.

(TIF)

###### 

Click here for additional data file.

###### The effects observed in *Nrf2*^*-/-*^ offspring are similar to those in CS-exposed offspring.

A\) Heatmap illustrating the significant similarity between CS-associated sperm DMRs identified in WT mice and DMRs associated with the *Nrf2*^-/-^ genotype, apparently independent of CS-exposure status. B) Association with CS exposure was maintained independent of the increased variation we observed in WT exposed mice C) A high correlation in DMRs was observed between CS-exposed WT mice and *Nrf2*^-/-^ whether or not they were exposed to CS. No correlation was observed between DMRs identified in the current study compared with previously published DMRs associated with vinclozolin exposure (VD2) and protein restricted diet (PR). D) Variation in F1 prefrontal cortex gene expression was significantly elevated in *Nrf2*^*-/-*^ controls compared with WT controls suggesting stochastic dysregulation of gene expression in offspring of mice with reduced antioxidant capacity.

(TIF)

###### 

Click here for additional data file.

###### Gene Set Enrichment Analysis table.

Gene expression changes in smoked and Nrf2 mutant mice were analyzed using Gene Set Enrichment Analysis to determine if gene sets from the Hallmarks database were enriched. Enrichment scores (ES and NES) and statistical significance (p-values) are indicated for all measurements.

(XLS)

###### 

Click here for additional data file.

We thank Dr. Kristin Murphy for thoughtful comments and critique during preparation of the manuscript.
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Dear Dr Murphy,

Thank you very much for submitting your Research Article entitled \'Oxidative stress underlies heritable impacts of paternal cigarette smoke exposure\' to PLOS Genetics. Your manuscript was fully evaluated at the editorial level and by independent peer reviewers. The reviewers appreciated the attention to an important problem, but raised some substantial concerns about the current manuscript. Based on the reviews, we will not be able to accept this version of the manuscript, but we would be willing to review again a much-revised version. We cannot, of course, promise publication at that time.

Should you decide to revise the manuscript for further consideration here, your revisions should address the specific points made by each reviewer, including a detailed list of your responses to the review comments and a description of the changes you have made in the manuscript. We feel that there are issues raised by multiple reviewers that need to be addressed, in some cases by writing but in others by experiments. Specifically, the reviewers raised questions about the statistical methods (and also paucity of information on the analyses). They also wanted to see replication and validation by an independent method for interesting/high confidence loci. It is also strongly felt that these data should be compared with human data to determine if there are any loci in common that are susceptible to smoking (for example, see Jenkins et al, Andrology). Reviewers also would like to see a better correlation between the methylation and expression data in F1 brains and finally, a much more rigorous discussion of the results.

If you decide to revise the manuscript for further consideration at PLOS Genetics, please aim to resubmit within the next 60 days, unless it will take extra time to address the concerns of the reviewers, in which case we would appreciate an expected resubmission date by email to <plosgenetics@plos.org>.

If present, accompanying reviewer attachments are included with this email; please notify the journal office if any appear to be missing. They will also be available for download from the link below. You can use this link to log into the system when you are ready to submit a revised version, having first consulted our [Submission Checklist](http://journals.plos.org/plosgenetics/s/submit-now#loc-submission-checklist).

To enhance the reproducibility of your results, we recommend that you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see our [guidelines](http://journals.plos.org/plosgenetics/s/submission-guidelines#loc-materials-and-methods).

Please be aware that our [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability) requires that all numerical data underlying graphs or summary statistics are included with the submission, and you will need to provide this upon resubmission if not already present. In addition, we do not permit the inclusion of phrases such as \"data not shown\" or \"unpublished results\" in manuscripts. All points should be backed up by data provided with the submission.

While revising your submission, please upload your figure files to the [Preflight Analysis and Conversion Engine](http://pace.apexcovantage.com/) (PACE) digital diagnostic tool.  PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

PLOS has incorporated [Similarity Check](http://www.crossref.org/crosscheck.html), powered by iThenticate, into its journal-wide submission system in order to screen submitted content for originality before publication. Each PLOS journal undertakes screening on a proportion of submitted articles. You will be contacted if needed following the screening process.

To resubmit, use the link below and \'Revise Submission\' in the \'Submissions Needing Revision\' folder.

\[LINK\]

We are sorry that we cannot be more positive about your manuscript at this stage. Please do not hesitate to contact us if you have any concerns or questions.

Yours sincerely,

Marisa S Bartolomei

Associate Editor

PLOS Genetics

Wolf Reik

Section Editor: Epigenetics

PLOS Genetics

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: This manuscript adds to the growing body of evidence that environmental effects in one generation can impact phenotypic and molecular outcomes in the next. Loosely speaking, this falls under the umbrella term of \'Lamarckian effects\' to an extent. In this manuscript, the authors have used paternal cigarette smoking exposure as their environmental insult, and complement this with a genetic model Nrf2-/-. Overall, I think some of the results in the manuscript are certainly intriguing but I have several key concerns that need to be addressed prior to acceptance.

1\. It doesn\'t seem as if the methylation analyses have been analysed in a rigorous manner. For example, considering the initial sperm methylation differences in sperm (Figure 1), are any of the lists of sites significant at the genome-wide corrected level. I appreciate that P values such as 0.05 do not demarcate truth from falsehood, but it does give the reader some sense of what to make of the data. In this case it would be especially important as the authors do not present an independent replication. In fact, I can\'t find any description of the stats in the Methods either.

2\. In Figure 3, the authors say that CS induced meth changes in F0 sperm are very similar to those found in the NRF F0 sperm. But they only present heat maps. This needs to be redone as scatter plots just like they do for F1 mice in Figures 3B-D. On that note, these latter three analyses (B, C and D) are the most convincing and interesting in this manuscript.

3\. If I am not mistaken, there are studies showing the impact of smoking on sperm in humans. Can the authors perform some comparisons using the published data? If there are similarities it would certainly strengthen the case.

4\. In F1 brains, was there any correlation between methylation and expression?

5\. I think in the discussion they should list the variety of shortcomings of their study. This in no way weakens their message but rather provides a more balanced view. For example, the bar now in this field is it perform IVF using sperm isolated from exposed F0 males so that the F0 males and females never come into physical contact (and eliminates other effects such as those potentially mediated by olfactory systems).

Reviewer \#2: Murphy and colleagues provide a well-written manuscript \"Oxidative stress underlies heritable impacts of paternal cigarette smoke exposure.\" They describe molecular phenotypes of paternal pre-conception cigarette smoke (CS) in the mouse. They find that paternal CS elicits paternal sperm DNA methylation changes as well as DNA methylation and gene expression alterations in offspring brain tissue. The functional categories of molecular changes in F0 sperm and F1 brain are enriched for oxidative stress pathways leading the authors to conclude that the influence of the sire\'s CS exposure is drive by oxidative stress. To support this claim, they compare the methylation and expression signatures of cigarette smoking with that of mice deficient in Nrf2 - a master regulator of endogenous antioxidant processes. They found positive correlations which they interpret as supporting their hypothesis. These experiments and analyses are important and have yielded useful information, but I have a number of concerns with the interpretation of the data, and the conclusions that are drawn, as described below.

Major Issues:

The conclusion that the paternal CS exposure \"underlies\" offspring molecular profiles is not sufficiently supported by the design and analyses. Throughout the manuscript, the authors use the language that the Nrf2 knockout mouse data \"largely\" recapitulate the effects seen in CS exposed sperm and offspring tissue. Largely implies a preponderance of signal that is shared. I agree that there is compelling overlap, but not that the it is recapitulated largely. Blocking the effect of paternal CS in F0 sperm or F1 somatic tissue with co-administration of antioxidants (e.g. tocopherol, or NAC) would support this mechanistic claim. Additionally, validating that there is indeed oxidative stress in the paternal germ cells or offspring brain (and that it is reflected similarly in the Nrf2-/- model) could provide additional direct support. In the absence of this, the claims have to be toned down throughout the manuscript, and the title (which currently implies causally supported results) and section headings of results sections would have to be modified considerably. For example, the section header on line 219 is particularly liberal with respect to the data.

The design of the study and the manuscript do not acknowledge paternal-independent effects on offspring molecular phenotypes. Dams may detect the exposure and invest differentially (e.g. PMID: 29514964) during gestation or lactation, which could contribute to offspring brain and sperm molecular signatures. In other words, the CS exposed males could represent poorer quality mates, or simply have altered olfactory signals, which leads the dams to invest less in the progeny. The only way(s) to account for this are to perform IVF and embryo transfer and/or perform cross-fostering to account for all maternal influences, and post-natal influences, respectively. I acknowledge that those experiments are often not feasible, so in such cases this possibility must be carefully acknowledged. Similarly, offspring sex and litter sex ratios have not been disclosed and should be. Alterations to sex ratios could alter molecular signatures in brain and sperm in F1.

Other Issues/Questions:

Was there any attempt to compare the mouse CS exposure DNAme and RNA-seq signatures to the previous human sperm publication data (e.g. the cited Jenkins et al., 2017 Andrology work)? If not, why?

RNA-seq data from prefrontal cortex samples are repeatedly listed as \"neural\" signals (abstract, line 35; pg 9 line 351), but the samples represent mixed cell types from bulk tissue, not just neurons.

Data from GSEA enrichment from ranked RNA-seq only include the two (Oxphos and ROS) (Fig 2E). These are certainly significant enrichment scores, but where do they rank amongst all MSigDB gene sets? Without the data on the other sets, your emphasis of those two could be seen as \"cherry picking.\" A supplemental table listing all significant Gene sets, NES scores, and p-values (positive or negative enrichment) would provide appropriate transparency.

I do not feel that global gene expression variability should be interpreted as an effect or outcome. I recommend focusing on the enrichment and ontology analyses instead.

There are no validation experiments to validate DMRs (e.g. targeted bisulfite seq) or differentially expressed genes (e.g. qPCR) between treatment groups and/or genotypes. Accordingly, the molecular profiles have to be considered preliminary effects until such time they are validated.

The statement on page 5 in the second paragraph (line 183) stating that recovery influences suggest CpG density has something to do with buffering environmental influences is a bold statement. It is an interesting idea, but perhaps it is safer to say that DNAme across CpG regions may buffer environmental influences? You may need to clarify what you mean better, provide some sort of support, or move it to the discussion with appropriate level of language stating that is speculative.

Figure S3 panel D should have labels on the x-axis as well.

Reviewer \#3: This is an overall well-performed study expanding our knowledge regarding the effect of cigarette smoking (CS) and sperm DNAme and its effect in the offspring. The author also reach a conclusion that the sperm and offspring DNAme changes induced by CS can by recapitulated by NRF2 deletion, which are known to increase oxidative stress. These data suggest that oxidative stress could underlies CS-induced sperm epigenetic changes and the effect in offspring. These are novel finding that contribute to the filed. However, I have some concerns and suggestions for the authors to consider for improvements.

1\. First and foremost, the abstract should be reconstructed to be more informative on the major findings and to be more accurate on the results.

For example, the long sentence "This study used mouse models to evaluate: 1)...2)...3)...4)..." is not fully necessary and can be reduced or removed, the saved space could be used to describe more results.

The sentence "paternal smoking causes changes in neural DNAme and gene expression in offspring" is not accurate and potentially misleading, as the changes in F1 neural DNAme and gene expression in offspring, in fact, shows minimal overlapping with the paternal CS-associated DMRs in in smoke-exposed F0 sperm. This is an important piece of information and should be clearly stated in the abstract or it would be misleading.

The author also didn't find overlapping between the DNAme between F0 and F1 sperm, which is consistent with the previous finding in other mammalian epigenetic inheritance models (Science 2014, PMID: 25011554; Genome Biol 2015, PMID: 25853433), and this result should be highlighted in the abstract. In fact, these results suggest DNAme may not be a direct vector in transmitting epigenetic phenotypes (it could be a marker representing changes in sperm epigenome but could be secondary effect), and his has triggered the emerging studies that focusing on sperm RNAs as the epigenetic information carriers in the transmission of phenotype, as extensively discussed recently (Nat Rev Genet 2016, PMID:27694809; Nat Rev Endocrinol 2019, PMID: 31235802). These should be discussed in the manuscript to make an informative paper.

2\. In the results, the authors showed that "Interestingly, paternal CS exposure caused a globally elevated variation in gene expression in the F1 brains (Figure 2A)", this is an interesting finding and may intricately related to epigenetic mechanisms. I suggest the authors to read recent publications on the case of Trim28 (Genome Biol 2010, PMID: 21092094; Cell 2016 2016, PMID: 26824653) which may shed new lights on the current study and should be at least discussed. The author may also check their DNAme and RNA-seq data regarding the status of Trim28.

Did the authors find any correlation between F1 brain DNAme and transcriptome changes? This point is not clearly stated. If the conclusion is negative, relate discussions should be provided. There could be many explanations.

3\. The effect of NRF2 deletion on F0 sperm and F1 brain that mirrors the CS-exposure is striking, this could be due to oxidative stress and it raise many interesting questions. The effect could involve additional epigenetic changes in the sperm if the oxidative stress is the main effector. For example, oxidative stress is a strong inducer of tRNA cleavage and will generate more tsRNA and rRNA fragments (RNA 2018, PMID:18719243), and both tRNA and rRNA fragments (tsRNAs and rsRNAs) have been involved in sperm mediated intergenerational epigenetic inheritance of phenotypes (Science 2016, PMID:26721680; Science 2016, PMID:26721685; Nat Cell Biol 2018, PMID:29695786). These are interesting clues can be discussed in the paper.

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Genetics* [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.

Reviewer \#1: Yes

Reviewer \#2: No: Complete enrichment score data from GSEA are not present.

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosgenetics/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: Yes: Brandon Pearson

Reviewer \#3: No

10.1371/journal.pgen.1008756.r002
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\* Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out. \*

Dear Dr Murphy,

Thank you very much for submitting your Research Article entitled \'NRF2 loss recapitulates heritable impacts of paternal cigarette smoke exposure\' to PLOS Genetics. Your manuscript was fully evaluated at the editorial level and by independent peer reviewers. The reviewers appreciated the attention to an important topic but identified some aspects of the manuscript that should be improved.

We therefore ask you to modify the manuscript according to the review recommendations before we can consider your manuscript for acceptance. Your revisions should address the specific points made by each reviewer. **Most importantly**, it is essential that you address the question of replication, as now raised by two reviewers. Also, please address the other suggestions. 

In addition we ask that you:

1\) Provide a detailed list of your responses to the review comments and a description of the changes you have made in the manuscript.

2\) Upload a Striking Image with a corresponding caption to accompany your manuscript if one is available (either a new image or an existing one from within your manuscript). If this image is judged to be suitable, it may be featured on our website. Images should ideally be high resolution, eye-catching, single panel square images. For examples, please browse our [archive](http://www.plosgenetics.org/article/browse/volume). If your image is from someone other than yourself, please ensure that the artist has read and agreed to the terms and conditions of the Creative Commons Attribution License. Note: we cannot publish copyrighted images.

We hope to receive your revised manuscript within the next 30 days. If you anticipate any delay in its return, we would ask you to let us know the expected resubmission date by email to <plosgenetics@plos.org>.

If present, accompanying reviewer attachments should be included with this email; please notify the journal office if any appear to be missing. They will also be available for download from the link below. You can use this link to log into the system when you are ready to submit a revised version, having first consulted our [Submission Checklist](http://journals.plos.org/plosgenetics/s/submit-now#loc-submission-checklist).

While revising your submission, please upload your figure files to the [Preflight Analysis and Conversion Engine](http://pace.apexcovantage.com/) (PACE) digital diagnostic tool. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

Please be aware that our [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability) requires that all numerical data underlying graphs or summary statistics are included with the submission, and you will need to provide this upon resubmission if not already present. In addition, we do not permit the inclusion of phrases such as \"data not shown\" or \"unpublished results\" in manuscripts. All points should be backed up by data provided with the submission.

PLOS has incorporated [Similarity Check](http://www.crossref.org/crosscheck.html), powered by iThenticate, into its journal-wide submission system in order to screen submitted content for originality before publication. Each PLOS journal undertakes screening on a proportion of submitted articles. You will be contacted if needed following the screening process.

To resubmit, you will need to go to the link below and \'Revise Submission\' in the \'Submissions Needing Revision\' folder.

\[LINK\]

Please let us know if you have any questions while making these revisions.

Yours sincerely,

Marisa S Bartolomei

Associate Editor

PLOS Genetics

Wolf Reik

Section Editor: Epigenetics

PLOS Genetics

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: The manuscript is certainly improved. However, the key shortcoming of replication (which looks like another referee raised) has not been addressed.

Reviewer \#2: The authors made satisfactory edits in response to the issues I raised.

Reviewer \#3: I\'m overall satisfied with the revision and recommend acceptance for publication in Plos Genet.

I have only one more suggestions for consideration:

Since cigarette smoke is a human activity and the authors have discussed the potential link with sperm tsRNAs, it would be good to include the recent papers about the acute dietary effect on human sperm tsRNAs and the related discuss on how this could be regulated by oxidative stress (Plos Biol 2019, PMID 31877125; Nat Rev Endocrinol 2020, PMID:32066893)

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Genetics* [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.
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Dear Dr Murphy,

We are pleased to inform you that your manuscript entitled \"NRF2 loss recapitulates heritable impacts of paternal cigarette smoke exposure\" has been editorially accepted for publication in PLOS Genetics. Congratulations!

Before your submission can be formally accepted and sent to production you will need to complete our formatting changes, which you will receive in a follow up email. Please be aware that it may take several days for you to receive this email; during this time no action is required by you. Please note: the accept date on your published article will reflect the date of this provisional accept, but your manuscript will not be scheduled for publication until the required changes have been made.

Once your paper is formally accepted, an uncorrected proof of your manuscript will be published online ahead of the final version, unless you've already opted out via the online submission form. If, for any reason, you do not want an earlier version of your manuscript published online or are unsure if you have already indicated as such, please let the journal staff know immediately at <plosgenetics@plos.org>.

In the meantime, please log into Editorial Manager at <https://www.editorialmanager.com/pgenetics/>, click the \"Update My Information\" link at the top of the page, and update your user information to ensure an efficient production and billing process. Note that PLOS requires an ORCID iD for all corresponding authors. Therefore, please ensure that you have an ORCID iD and that it is validated in Editorial Manager. To do this, go to 'Update my Information' (in the upper left-hand corner of the main menu), and click on the Fetch/Validate link next to the ORCID field.  This will take you to the ORCID site and allow you to create a new iD or authenticate a pre-existing iD in Editorial Manager.

If you have a press-related query, or would like to know about one way to make your underlying data available (as you will be aware, this is required for publication), please see the end of this email. If your institution or institutions have a press office, please notify them about your upcoming article at this point, to enable them to help maximise its impact. Inform journal staff as soon as possible if you are preparing a press release for your article and need a publication date.

Thank you again for supporting open-access publishing; we are looking forward to publishing your work in PLOS Genetics!

Yours sincerely,

Marisa S Bartolomei

Associate Editor

PLOS Genetics

Wolf Reik

Section Editor: Epigenetics
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**Data Deposition**

If you have submitted a Research Article or Front Matter that has associated data that are not suitable for deposition in a subject-specific public repository (such as GenBank or ArrayExpress), one way to make that data available is to deposit it in the [Dryad Digital Repository](http://www.datadryad.org). As you may recall, we ask all authors to agree to make data available; this is one way to achieve that. A full list of recommended repositories can be found on our [website](http://journals.plos.org/plosgenetics/s/data-availability#loc-recommended-repositories).

The following link will take you to the Dryad record for your article, so you won\'t have to re‐enter its bibliographic information, and can upload your files directly: 

<http://datadryad.org/submit?journalID=pgenetics&manu=PGENETICS-D-19-01866R2>

More information about depositing data in Dryad is available at <http://www.datadryad.org/depositing>. If you experience any difficulties in submitting your data, please contact <help@datadryad.org> for support.

Additionally, please be aware that our [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability) requires that all numerical data underlying display items are included with the submission, and you will need to provide this before we can formally accept your manuscript, if not already present.
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**Press Queries**

If you or your institution will be preparing press materials for this manuscript, or if you need to know your paper\'s publication date for media purposes, please inform the journal staff as soon as possible so that your submission can be scheduled accordingly. Your manuscript will remain under a strict press embargo until the publication date and time. This means an early version of your manuscript will not be published ahead of your final version. PLOS Genetics may also choose to issue a press release for your article. If there\'s anything the journal should know or you\'d like more information, please get in touch via <plosgenetics@plos.org>.
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We are pleased to inform you that your manuscript entitled \"NRF2 loss recapitulates heritable impacts of paternal cigarette smoke exposure\" has been formally accepted for publication in PLOS Genetics! Your manuscript is now with our production department and you will be notified of the publication date in due course.

The corresponding author will soon be receiving a typeset proof for review, to ensure errors have not been introduced during production. Please review the PDF proof of your manuscript carefully, as this is the last chance to correct any errors. Please note that major changes, or those which affect the scientific understanding of the work, will likely cause delays to the publication date of your manuscript.

Soon after your final files are uploaded, unless you have opted out or your manuscript is a front-matter piece, the early version of your manuscript will be published online. The date of the early version will be your article\'s publication date. The final article will be published to the same URL, and all versions of the paper will be accessible to readers.
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